Summan-A chemical extraction assax-and fluorescence microscopi incorporating a light-sensitive thermoelectnically cooled charge-coupled device (CCD) camera was used to study the kinetics of uptake. retention and localisation of disulphonated aluminium phthalocyanine (AIPcS-) and tetrasulphonated aluminium phthalocvanine (AlPcS4) at different time inten-als after an i.p. injection at a dose of 10 mg kg`body w-eight (b.Ax in tumour and surrounding normal skin and muscle of female C-D F, mice bearing CaD2 mammary carcinoma. Moreover. the photodymamic effect on the tumour and normal skin using sulphonated aluminium phthalocvanines (AIPcS,. AIPcS:. AlPcS4) and Photofrin was compared w-ith respect to dye, dve dose and time interval betu-een dve administration and light exposure. The maximal concentrations of AlPcS in the tumour tissue w-ere reached 2-24 h after injection of the dve. while the amounts of AIPcS4 peaked 1-2 h after the dve administration. AlPcS, was simultaneouslv localised in the interstitium and in the neoplastic cells of the tumour. uhereas AlPcS4 appeared to localise only in the stroma of the tumour. The photodynamic efficiency (light A-as applied 24 h after dye injection at a dose of 10 mg kg-' b.wu. of the tumours u-as found to decrease in the folloWing order: AlPcS > AIPcS4> Photofrin > AlPcSl. Furthermore. photodynamic efficacyv was strongly dependent upon dye doses and time intervals betw-een dye administration and light exposure: the higher the dose. the higher the photodynamic efficiency. The most efficient photodynamic therapy (PDT) of the tumour u-as reached (day 20 tumour-free) when light exposure took place 2 h after injection of AlPcS, (10 mg k-.) A dual intratumoral localisation pattern of the dye. as found for AlPcS:. seems desirable to obtain a high photodynamic efficiency. The kinetic patterns of uptake. retention and localisation of AlPcS, and AIPcS4 are roughly correlated w-ith their photodynamic effect on the tumour and normal skin.
phonation have been carried out. It has been shown that the degree of sulphonation of AlPcS,s could significantly affect the distnrbution and the PDT effect of the dyes in some tumour and normal tissues of mice (Chan et al.. 1990 . 1991 : Peng et al.. 1991a : Boyle et al.. 1992 van Leengoed et al.. 1993a) .
The phenomenon of preferential distribution (uptake and localisation) of a sensitiser in tumours is a basis for selective eradication of neoplasia by PDT. The concentration of a dye within a tumour varies with time after administration. Also. the intratumoral localisation pattern of the dye in the tumour depends upon time course (Peng et al.. 1990a; 1991b) . which may affect PDT efficacy. Thus. the optimal time interval between sensitiser application and its subsequent activation by light is a crucial factor for success of PDT. However, few data exist as to correlation of uptake and localisation of M-Pcs in tumours with their photodynamic effect. although a large number of reports indicate the potential utility of MPcs as sensitisers for PDT of tumours (Spikes. 1986: van Lier. 1990 : Rosenthal. 1991 . In the present work, we have studied uptake. elimination. localisation and photodynamic efficacy of AlPcS, and AlPcS, in tumours and normal skin of mice bearing CaD2 mammarv carcinoma.
Materials and methods

Chemicals
Derivatives of aluminium phthalocyanines with mono-. diand tetrasulphonate groups (AlPcSj. AlPcS, and AlPcS,) were obtained from Porphyrin Products (Logan. UT. USA). These derivatives were assessed by high-performance liquid chromatography (HPLC) to be >90% pure (Berg et al..
Dish&--n aiodPDT dhcs d pmh" aes Q Peng and J Moan 1989). The dye called AlPcS, in the present study probably contains two sulphonate groups on adjacent phenyl rings (AlPcS2,). Stock solutions of AlPcS2 and AIPcS4 were prepared in Dulbecco's phosphate-buffered saline (PBS) (Gibco), while AlPcS, was dissolved initially in a small amount of 40% ethanol in PBS followed by dilution in PBS. All solutions of AlPcS,s were sonicated for 5 min (Elma Transsonic, type T400, Germany) before use in order to reduce the degree of aggregation. All chemicals used were of the highest purity commercially available.
Animals and twnour line
Female C3D2 Fl mice were obtained from Bomholtgaard, Ry, Denmark, housed eight per cage and kept under specific pathogen-free conditions. The mice were 6 weeks old and weighed 20-22 g when the experiments started. The CaD2 mouse mammary carcinoma (German Cancer Center, Heidelberg, Germany) was propagated by serial transplantation into the C3D2JF, mice. Non-necrotic tumour material for inoculation was obtained by sterile dissection of large flank tumours from syngeneic mice. Macroscopically viable tumour tissue was gently minced with a pair of scissors and forced repeatedly through sterile needles of diminishing sizes from 19 gauge to 25 gauge to make a tumour tissue suspension, 0.02 ml of which was then injected into the dorsal side of the right hind foot of each mouse. The rate of successful transplantations was nearly 100% in the present experiments. No spontaneous necrosis was observed in the tumours which grew to reach 5-7 mm transverse diameter on the day of treatment, as measured with a caliper. The tumour volume was calculated using the following formula:
where DI, D, and D3 are three orthogonal diameters of the tumours which were measured daily by the caliper The kinetics of uptake and retention of AlPcS2 and A1PcS4
by the CaD2 tumours and surrounding normal skin and muscle tissues is shown in Figure 1 . The maximal concentrations of AIPcS2 in the tumours were reached 2-24 h after injection of the dye. After that, the concentrations gradually decreased with time. The amounts of AIPcS4 in the tumours peaked at 1-2 h after the dye administration, after which the concentrations declined at a faster rate than that of AIPcS2. Both of the dyes had a similar kinetic pattern of uptake and elimination in the surrounding normal skin and muscle ( Figure 1 ). The absolute levels of AIPcS2 and AIPcS4 were much lower in the muscle than in the tumour and skin ( Figure 1 ). The concentration ratios of tumour-skin and tumour-muscle at different time intervals after injection of AIPcS2 or AIPcS4 are presented in Table I . The concentrations of AIPcS2 in the tumour were 0.7-2.2 times as high as those in the skin and 2.5-13 times as high as those in the muscle during the period studied. In the case of AIPcS4, the dye was taken up 0.9-1.7 times more in the tumour than in the skin and 2-12 times more in the tumour than in the muscle. PDT efficiency of tumours with AlPcS,, AlPcS2, AlPcS4 or Photofrin The growth of the tumours exposed to light 24 h after an i.p.
administration of AIPcSI, AlPcS2, AlPcS4 or Photofrin at a dose of 10 mg kg-' is shown in Figure 3 . The control tumours (neither dye nor light) grew exponentially with a doubling time of about 1.6 days. Laser light given to tumours of mice receiving no injection of the dye had a slight but insignificant effect on the tumour growth. Tumours of mice treated with AlPcS,-PDT grew a little more slowly than did the control tumours. However. tumours of mice given AlPcS2 or AIPcS4 followed by light exposure showed a significant growth delay. Among the dyes studied, AlPcS, was the most efficient photosensitiser, being significantly more efficient than AlPcS4 and Photofrin. The PDT efficiencies in the tumour model were found to decrease in the following order: AlPcS2> AlPcS4> Photofrin> AlPcS1 (Figure 3) . It should be noted that tumours treated with Photofrin-PDT approached the same growth rate as that of control tumours (6-10 days after PDT), in agreement with our earlier work , while the tumours treated with AIPcS,-or AlPcS4-mediated PDT had a reduced growth rate during the whole period of observation. PDT was more efficient when light irradiation was applied at 2 h than at 24 or 72 h post dye injection in both cases of AlPcS2 and AlPcS4 (Figure 4) . The tumours treated with AlPcS2 followed, 2 h later, by light exposure did not resume growth during the 20 days examined. Moreover, as can be Figure 5 , the efficacy of All A1PcS4-PDT is strongly dependent upon the the dye. The higher the dose used, the h efficacy achieved.
PDT effect on normal skin As shown in Figures 6 and 7 (Figure 6a ). Moreover, v exposure was applied 2 h after the injection, b AlPcS4 (10mg kg-') achieved a maximal scon day after treatment, and still gave scores respectively even 10 days post-PDT, and did Kimel et al., 1989) . Since singlet oxygen when the light diffuses intracellularly only about 20 rm in its lifetime )oth AIPcS2 and (Moan, 1990; Moan and Berg, 1991) , the cellular structures e of 2.0 the first close to high sensitiser concentration and high oxygen conof 0.6 and 1.0 centration will be preferentially damaged by the activating not completely light. Consequently, the pattern of intracellular/intratumoral localisation of a photosensitiser may be closely related to the mechanism of its photodynamic action. Thus, the PDT efficiency of cancer could be enhanced by the use of photosensitisers with high and preferential uptake and selective localisation at particularly PDT-sensitive sites of neoplastic tissues. The mechanisms involved in the preferential uptake of dyes by tumours are not fully understood. It should be noted that the accumulation of a drug in a tumour is actually the result of two competing processes: uptake and disappearance. Many sensitisers have been shown to be rapidly taken up by various tissues, but to have different rates of clearance. Therefore, a high retention (i.e. slow rate of disappearance) is an important factor for preferential biodistribution of dyes. The present study shows that the uptake and retention of sulphonated aluminium phthalocyanines by the CaD2 tumour tissue were affected by the degree of sulphonation of AlPcS,. The relatively less polar AIPcS. reached the highest concentrations in the tumour tissue at 2-24 h with a slow rate of disappearance after an i.p. injection. By contrast, the amount of the more polar AlPcS4 peaked at I h with a fast rate of clearance from the tumour after the injection ( Figure  1 ). These data are in good agreement with our previous findings in human LOX tumour tissue transplanted in nude mice (Peng et al., 1991a (Peng et al., , 1993 . Similar results were also found by others in mammary carcinoma of WAG/RIJ rats by the use of a transparent observation chamber system (van Leengoed et al., 1990 (van Leengoed et al., , 1993b .
The preferential tumour distribution of photosensitisers is related to their chemical properties (Kessel et al., 1987; Kongshaug, 1992, Kessel and Woodburn, 1993 (Kessel et al., 1987; .
This was attributed to the asymmetry of the charges on the dye (Kessel et al., 1987; . Such a charge asymmetry may be a factor which leads to high affinities for lipid-water interfaces and hence may favour not only binding to LDL, but also uptake by cells (Bommer et al., 1985; Berg et al., 1990) . Such dyes have also a slow rate of learance from tissues in vivo (Kessel et al., 1987; Brasseur et al., 1988) . AlPcS2, used in the present study, was supposed to have the two sulphonate groups in adjacent positions, and was found to bind substantially to the lipoproteins [mainly high-density lipoprotein (HDL) and LDLJ in human plasma (Kongshaug, 1992) . It has been reported that several neoplastic cell lines express larger amounts of LDL receptors than the corresponding normal cells (Lombardi et al., 1989; Vitols et al., 1990) . These types of tumours may therefore be involved in the mechanism of high uptake of some LDLbinding dyes (Gal et al., 1981; Hynds et al., 1984; Norata et al., 1984 (Figure 1 ). For a given dye a maximal PDT effectiveness is expected when light is applied at the time when the dye has its maximum concentration in the tumour. This is supported by the findings of the present study. The highest PDT efficincies in the CaD2 tumours were obtained when the light treatment was carried out 2 h after AlPcS2 or AlPcS4 injection (Figure 4) , the time when the two dyes reached their maximal concentrations in the tumours (Figure 1 ). This is consistent with data which showed that AlPcS2-mediated PDT reached a maximal effect on RIF-I murine tumours when light exposure was applied 1 h after the dye administration (Bremner et al., 1992) . Also, the present study has shown that the efficacy of AlPcS2-PDT and AIPcS4-PDT of the tumours is strongly dependent upon the applied dose of the dye. The higher the drug dose used, the higher the PDT effect achieved ( Figure 5 ). Further, AlPcS2 and AIPcS4 had a higher PDT-induced tumourdestroying efficiency than had Photofrin at the same doses of the drug and light exposure (Figure 3) . Similarly, a recent report has shown that AlPcS, had a higher PDT efficiency in inactivating both mouse MS-2 fibrosarcoma and mouse B16 melanoma than had HpD (Canti et al.. 1990) . Surprisingly. (Winkelman. 1962: Evensen. 1985) and that the photochemical yield of singlet oxygen for TPPS, in aqueous solutions is at least as high as that for HpD . However, the TPPS,-based PDT efficacy of C3H Tif mouse mammar-carcinoma is rather low (Figure 1 ). It is also true that AlPcS2-based PDT had different effects on the tumours when the light was applied at 2 and 24 h after the injection. although similar amounts of the dye were found in the tumours during the time inter al of 2 -24 h after the injection (Figure 1) clearance from skin and other normal tissues. The use of such dyes would eliminate or at least reduce the extent of skin photosensitisation.
Most of the photosensitisers studied so far have a similar skin phototoxicitv to that of Photofrin. probably because of a similar distribution of the dyes in the skin (Peng et al.. 1 990b). The present investigation shows that PDT-inducied skin reaction. such as degeneration and necrosis of some cells in the epidermis. and oedema. congestion and even infiltration of inflammatory cells in the dermis. occurred only 1 day after light treatment with all the dyes examined. These findings are in agreement with data obtained using the other two methods. which demonstrated that the peak foot response was reached on the first day after PDT in most cases.
Since the epidermis and dermis were not completely des- troyed, the skin recovered within 20 days after PDT. Moreover. Photofrin-induced skin reactions were more severe than those with any derivatives of AlPcSn studied. Similar results have also been obtained by others (Tralau et al., 1989) . The extent of the foot reaction is thus related to the dye used. Furthermore, as shown in Figures 6 and 7 , factors such as the dye dose and the time interval between dye administration and light irradiation also affect skin phototoxicity. In order to achieve a minimal photosensitivity of normal skin and other tissues. it is important to use suitable dyes and dye doses on the basis of favourable distribution properties in tumour and normal tissues. Light irradiation should be applied at a time when the tumour,normal tissue dye concentration ratio has its maximum value and/or when the intratumoral localisation pattern is optimal with respect to efficient PDT. In this way. the PDT effect on the tumour may be optimised, while the extent of photosensitivity to normal tissues will be minimised. However, for a maximal tumour/normal tissue concentration ratio, the amount of the dye in the tumour could be too low to achieve effective PDT. In this case, either the dose of the dye given must be increased or PDT must be applied at a time/times when conditions are not optimal with respect to skin and/or normal tissue photosensitivity. The advantage of eradicating tumours is, as a rule, much larger than the drawback of skin photosensitisation and or of some damage to normal tissues.
